Abstract This paper presents a delay-type PID controller (shortened as dPID) or a PID controller which is implemented using two delay elements. The gains are analytically tuned; one of the delay is optimally tuned and the other one is chosen to be equal to the sampling time. The poles of the discrete version of the dPID controller lies inside the unit circle and far away from the point
INTRODUCTION
Because of their simplicity and effectiveness, PID controllers are the most effective and most widely used controllers in process control (Xu et al., 2000; Kuc and Han, 2000) , although the modern control theory has been developed fast and deeply. Many efforts were devoted to find the best choices of the control parameters (Åström and Hägglund, 1995) . There are also many different structures to improve some performances, see also (Åström and Hägglund, 1995) . However, the integrator or the differentiator is always implemented using rational functions, such as Many researchers (Youcef-Toumi and Ito, 1990; Hara et al., 1988; Weiss and Hafele, 1999) proposed to intentionally use delay(s) in a controller (these various techniques were summarized in the frame of time delay control in (Zhong, 1999) ) to obtain some special performances, where the delay element may be used to obtain an integral action. Suh and Bien presented a proportional minus delay (PMD) controller in (Suh and Bien, 1979) where a delay element performed an averaged derivative action. Hence, it is possible to implement the PID controller using delay elements.
In this paper, the analysis and the implementation of a delay-type PID controller (6 trial processes. The analysis shows that the proposed controller achieves much better performances than a classical PID controller according to the integral of error (IE). The discrete version of the controller, which has a very nice pole plot and is very ease to be implemented, is obtained with Tustin's approximation.
THE STRUCTURE OF THE DELAY-TYPE PID CONTROLLER
The delay-type PID controller Figure 1 , consists of two parts: can be approximated, using the Padé approximation, as
This is a proportional-differential (PD) controller. It is worth noting that the differential action becomes weaker when the dead-time in the process becomes larger because, correspondingly, should be chosen larger as shown later. This coincides with the fact that the differential term in a PID controller is not needed to control processes with long dead-time (Åström and Hägglund, 1995) . In other words, the proposed controller has an interesting property: it has a strong differential action when is small but a weak one when is large. Using the Padé approximation, again,
can be approximated as
in which there exists an integral action. An important reason to implement the integral action in this way is:
it is possible to make
include a Smith predictor because of the positive feedback of
. This indicates that, to some extent,
has the property of prediction, which is crucial for processes with long dead-time.
TUNING THE PARAMETERS
In this Section, the control parameters are tuned for general processes with dead-time. The obtained tuning formulae are then applied to a special case: the firstorder process with dead-time in Section 5.
Tuning the gains
Consider the following process with dead time
where
is the delay-free part and } is the dead-time. For simplicity, only stable self-regulating processes are considered in this paper.
The closed-loop transfer function of the unit feedback control system is,
Assume the desired response is
where s are determined by the desired specifications. The equivalent time constant of this desired closed-loop response is H y .
In order to obtain the desired response, there should be
where means similar to. That is,
we obtain
How to make the left side as close to the right side as possible? A possible way is to expand them in Taylor series and make the corresponding coefficients be equal to each other. This technique has been widely used in literature, see for example (Lee et al., 1998; Wang and Cluett, 1997) . Then, the following equations are obtained:
Solve equations (10-12), we obtain
Tuning the delays
There are many ways to tune f , for example, let
has similar effects of a Smith predictor). Here, we propose an optimal method to tune the delay . Here, we achieve this goal through tuning
Substitute (13) into (14), derivate it with respect to f and let it be . Delay f is then obtained as which intend to saturate the actuator. Hence, the delay 6 cannot be chosen too small and should be chosen by taking the actuator limit into account. , the gains are tuned as
In order to obtain a positive gain ; it is a natural characteristic of the system.
Auto-tuning
The system parameters 7 ¥ $ 8 s Ì and Î can be identified using various methods. In this paper, we use a simple method: to measure the open-loop impulse response. Assume
is the pulse width is the input signal to the process and
is the resultant output of the process, then
Hence, using these formulae, the delay-type PID controller can be automatically tuned with (18, 17) , and (21, 22, 23) for a given desired response (3).
THE DISCRETE-TIME VERSION
The proposed dPID controller is very easy to be implemented in the discrete-time domain. Using the well- Hence, the tuning formulae for the gains (18) are simplified as 
Performance improvement
The following discussion demonstrates how the delaytype PID controller improves the system performance. We use the integral of error (IE) as a performance index. The integral of error has been widely used in control literature, see for example (Åström and Hägglund, 1995; Hägglund andÅström, 1991) . It does make sense because the desired overshoot is always very small in industry although the IE is not a norm.
The proposed controller can be described in time domain as
Assume that the zero-state closed-loop system (I
) is disturbed by a step disturbance According to (27), . CONCLUSIONS Once again it shows that using delay elements, intentionally and reasonably, may obtain good performances (Zhong, 1999) . This paper implements the widely used PID controller using delay elements. The control parameters are tuned analytically and can be auto-tuned by identifying the moments of the process rather than the common relay auto-tuning (Yu, 1999) . The discrete version of dPID controller is obtained with bilinear transformation. The pole plot shows that the controller is stable and ripple-free. The controller then is applied to the first-order model plus dead-time and the performance improvement has been shown quantitatively.
